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Pillar-Assisted Epitaxial Assembly of Toric Focal Conic
Domains of Smectic-A Liquid Crystals
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Kathleen J. Stebe, and Shu Yang*

Self-assembly, self-processing, and bottom-up design are ever
more important tools for the development of new materials of
both fundamental and technological interest due to their robust
capability for generating complex, hierarchical structures. In
general, self-assembling materials, including colloids, block
copolymers, and supramolecules or DNA form thermodynami-
cally stable structures over a broad range of length scales, from
the micro- to nanoscales. Structure formation in these long-
range ordered phases is often governed by entropic and geo-
metric considerations, leading frequently to a limited variety of
optimal, close-packed structures. However, close-packed struc-
tures are not always appropriate in device applications. Some
control has been gained through so-called graphoepitaxy, which
exploits substrates with topological'™! or chemicall® surface
relief patterns that nearly match the domain structures of block
copolymers, for instance, and direct their epitaxial assembly
into nanostructures with long-range positional order and ori-
entation in thin films. However, epitaxial assembly of highly
ordered square arrays has only been recently achieved in both
triblock copolymers”8l and supermolecular assemblies of
hydrogen-bonding diblock copolymer in thin films.!

Because of their geometrical, mechanical, and electronic
anisotropy, liquid crystals (LCs) are not only highly sensitive
to external aligning fields but can also exquisitely control the
propagation of electromagnetic phenomena. Consequently,
the patterning of LC molecules has long been of interest for
scientific discovery and technological advancement.

Smectic-A (SmA) LCs are characterized by arrangement of
molecules into layers with the long molecular axis parallel to
the layer normal. When the surface chemistry promotes planar
alignment of LC molecules, SmA LCs spontaneously form
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highly ordered hexagonal arrays of toric focal conic domains
(TFCDs)* in which smectic layers wrap around a pair of dis-
clination lines formed by a circle and a straight line passing
through the circle center. In surface measurements, a defect
domain appears as a circular, cone-shaped dimple at the LC/
air interface. The bending of the LC layers away from the
flat equilibrium SmA to form TFCDs results from the com-
peting effects of planar anchoring at the LC/substrate inter-
face and homeotropic anchoring at the LC/air interface. In
the standard smectic ground state, the smectic layers are flat
and parallel to the substrate and thus the molecular orienta-
tion points normal to both the LC/air and LC/substrate inter-
faces. The TFCDs form spontaneously when the decrease in
surface energy obtained by planar anchoring on the substrate
outweighs the elastic energy cost of bending the layers and the
increase in surface energy due to the dimple-like deformation
of the LC/air interface. Regular hexagonal lattices of TFCDs
have been used to create microlens arrays,'!! matrices for the
self-assembly of soft microsystems,'>  lithographic
templates, [l 2D charge transport models,!'® and patterned func-
tional surfaces. The ability to control the size and arrangement
of TFCDs is currently under investigation; for instance, studies
have employed substrates presenting different surface chemis-
tries, 119 confinement within 1D microchannels,2020-23] and
randomly patterned planar and depressed substrates.?¥l Little
is known, however, about a higher level of control of TFCDs
into three dimensions.[?>?% Controlling topological defects and
smectic LC phases in three dimensions is of particular interest
to the generation of blue phases and other topologically struc-
tured materials, which will lead to possibly disruptive display
technologies.

Here, we demonstrate the epitaxial assembly of SmA LCs into
arrays of TFCDs with variable sizes and arbitrary symmetries
(e.g., a square lattice) directed by pillar arrays. We utilize
materials that induce planar anchoring of LC molecules, such
as SU-8, a bisphenol A epoxy derivative. By varying the pillar
dimensions (size, height, and spacing) and thickness of the LC
film, we can confine and direct the growth of each TFCD. As
a result, we promote a new variety of TFCD arrays beyond the
close-packed hexagonal arrangement formed spontaneously
on a flat surface by controlling the size and symmetry of the
underlying pillar pattern. We hope that this template-directed
assembly method will benefit a number of engineering applica-
tions and advanced device concepts.

The LCs used here are rigid biphenyl molecules with
semifluorinated chains (see chemical structure in Figure S1,
Supporting Information). They have a smectic-A LC phase
at =114 °C, and retain TFCD structure when quenched to
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room temperature. The LCs were synthe- g
sized by a two-step reaction following the
literature,?”?8l and their structure was con-

S$<S,(5um)
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firmed by Fourier transform infrared (FT-IR)
spectroscopy and '"H NMR (see Supporting

|

Information). Highly ordered hexagonal
arrays of TFCDs were observed on bare Si
wafers and SU-8 coated Si wafers via scan-
ning electron microscopy (SEM) with corre-
sponding Maltese cross patterns in polarized
optical microscopy (POM) (see Figure S3a—c,
Supporting Information). The same mor-
phology has been reported by Kim et al.?3l o
Teflon amorphous fluoropolymer coated Sl
and glass substrates, suggesting high planar
anchoring strength of the LCs on these sub-
strates. It has been suggested that the TFCD
radius a, measured as half of the center-to-
center distance between neighboring TFCDs,
is roughly equal to half of the LC film thick-
ness (h) in these regions.?>** In our system,
the average TFCD radius <a> on the flat Si
and SU-8 surface is =2.5 um for h =5 um, in
agreement with the literature.

Using 1D microchannels, Kim et al.
studied confined assembly of high density
TFCDs and reported that domain formation
was strongly influenced by both the channel
width (W) and, even more dramatically, by
the channel depth (H).?) They found that
an energetically stable, hexagonal array of
TFCDs is formed when W and H are above
the critical values, W, = 4 um and H, =
2 um.[2l Here, we use SU-8 pillar arrays with
varying pillar diameter, height, spacing, and
symmetry as a 3D confinement system for
SmA LCs.

Figure 1,2 demonstrate different TFCD
morphologies from the assembly of SmA
LCs directed by confinement and interac-
tion with the underlying square pillar arrays
at variable length scales. The geometry cre-
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between the edges of two diagonally neigh-
boring pillars; D, the pillar diameter; and H,
the pillar height. Depending on the values of
these parameters and of the LC thickness h,
the pillars define anchoring points for TFCDs
at the centers of the pillars’ top surfaces, or
on the substrate positioned symmetrically
between four neighboring pillars, or both.
When the LC thickness h exceeds the pillar height H by at
least 1.5 um, a single TFCD forms on the circular top of each
pillar (see Figure 1a). Figure lc and Figure S5c (Supporting
Information) show an area of unleveled LC thickness on pillar
arrays, clearly revealing that the top surface of each pillar defines
an anchoring point of one TFCD. No TFCDs were observed
on the top of pillars, however, when D < 1 um. This is due to

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Epitaxial assembly of TFCDs on SU-8 square pillar arrays with diagonal separation
ated by a square array of pillars is described S <S. (the critical value of S). a) Schematic illustration of SmA LCs confined by a SU-8 square
by three parameters: S, the smallest distance pillar array with S < S.. b) SEM image of the SU-8 square pillar array with diameter D=1 um,

diagonal separation S =3 pum, and height H = 1.5 um. ¢,d) SEM images of the corresponding
TFCDs assembled on the SU-8 pillar array (b) at various LC thicknesses, h = 1.5-2.5 um
(c) and 3.5 um (d). Inset of (d): POM image at a high magnification. e,f) SEM images of TFCDs
assembled on the SU-8 pillar array with D=5 um, S (=S.) =5 um, H = 2.5 um at various LC
thickness, h = 2.5-4 um (e) and 4.0 pm (f). Inset of (f): high magnification. The blue arrows
indicate satellite TFCDs formed between the neighboring pillars.

inadequate anchoring area for a circular defect. For such small
TFCD diameters, the negative energy contribution from the
surface term at the LC-substrate boundary is outweighed by the
elastic energy cost and the increased surface area at the air-LC
interface. The experimental value of this critical diameter, D, =
1 um, agrees well with our calculations of TFCD energies in 3D
pillar arrays (see details in the Supporting Information), which
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Figure 2. Epitaxial assembly of TFCDs on SU-8 square pillar arrays with diagonal separation
S > S, and diameter D 2 D, (the critical value of D). a) Schematic illustration of SmA LCs
confined by a SU-8 square pillar array with S 3!S. and D > D.. b) SEM image of a SU-8 square
pillar array with diameter D = 10 um, diagonal separation S =15 um, and height H = 7.5 um.
c—f) The corresponding TFCDs assembled on the SU-8 pillar array (b) at various LC thicknesses:

h=2um (c), 7.5 um (d), 8 um (e), and 9 um (f).

predict the minimum domain diameter of an energetically
stable TFCD to be 1.0 um. Notably, this critical diameter does
not change over a wide range of h — H. Thus, with directing
pillars of D > D, a square array of TFCDs could be generated
that grows into the bulk. Indeed, we find that both the square
symmetry and dimension of the pillar array was maintained in
the TFCDs for LC thicknesses up to 40 um (see Figure S4, Sup-
porting Information), demonstrating the long-range ordering
into the bulk from surface epitaxy. Since the main aim of our
study is to control the arrangements of TFCDs other than the
natural close-packed structures using geometric confinement
by pillars, in all experiments we avoided making both D and
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h — H so large as to generate multiple close-
packed TFCDs on the top surface of a single
pillar.

Our experimental data also show that the
pillar array defines TFCD anchoring points
on the substrate between pillars: in the
center of each unit cell defined by four neigh-
boring pillars, a single TFCD is observed
when the diagonal pillar spacing S exceeds a
critical value, S, = 5 um, and the LC thick-
ness h exceeds the critical height, h, =
1.5 um. The pillars cause this transition in
two ways: they limit the surface area on the
substrate available to the TFCD for planar
anchoring and they impose additional planar
anchoring conditions along the vertical pillar
sides, requiring the smectic layers to orient
horizontally as they approach the pillars. As
a result, when S < S, LC layers align parallel
to the bottom of the substrate, filling up the
spaces between pillars without forming a
defect domain at any LC thickness, as shown
in Figure 1c (region marked with an arrow),
where S=3 um < S, and h = 1.5 um = h,.
Conversely, TFCDs formed between the pil-
lars when S=15 um > S_for h > h, as shown
in Figure 2¢,d. When S 2 S, D 2 D, and
h surpasses the pillar height H by at least
1.5 um (i.e., h — H 2 h;), TFCDs are observed
to develop from both anchoring sites, the
surface between pillars and the top surface of
the pillars, as shown in Figure 2f. Square lat-
tices of TFCDs between pillars were observed
for H as low as 0.5 um; therefore, the critical
pillar height H,, which marks the transi-
tion from a hexagonal close-packed lattice
of TFCDs to a square lattice, must be at a
smaller length scale but, presumably, much
greater than the layer spacing (3.2 nm).

It is noted that the formation of the TFCDs
was not only influenced by the geometry of
the pillar array alone, but also the surface
chemistry of the confinement. From an ener-
getic standpoint, the formation of TFCDs
in a thin-film smectic LC requires surface
chemistry that promotes planar alignment of
LCs, as provided by materials such as SU-8,
a widely used photoresist to fabricate high-aspect-ratio pillar
arrays. Otherwise, there would be no TFCD developed within
the confinement at any dimension. The importance of surface
chemistry is further strikingly demonstrated when the SU-8
pillar arrays are coated with Au, as a result of which no TFCDs
form (see Figure S6, Supporting Information). To this point,
our results clearly demonstrate that this geometric 3D confine-
ment of SU-8 pillars essentially permits the controlled growth
of the multiscale TFCD array, which is not achievable through a
simple 1D patterning approach.

At the critical spacing, S = S, (5 um), Figure le,f reveal
evidence of coexistence between TFCDs on the substrate
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is, however, =1 um. The discrepancy between
15%10-15— experiment and theory may arise from our
< assumption that the smectic layers distort
1.%10" 15— N only within the TFCD (see detailed discussion
® in Supporting Information, Figure S7-S10),
5.x10716— so that there is an energy penalty only when
- the TFCD comes into contact with the pillar.
w 0 Through this assumption, we have ignored
_18 more complicated layer organization that
=5.x107 may occur at the sharp corner where the
~1.x10-15— pillar meets the substrate and the boundary
conditions change rapidly. Such structures
—1.5%x10" 15— could allow the pillars to effectively “repel”
TFCDs at a distance. Further experimenta-
0.1 0!2 0!3 0.4 05 0!6 tion will be pursued to test the influence of

sharp corners of pillars.
p It is interesting that only single domains
Figure 3. Calculated TFCD energy relative to the flat-layer state versus p = a/h using h=H = appear in the space between four neighboring

3.0 um, D=1 pum, and varying pillar spacing with diagonal separation S. A sharp energy pen-  pillars at any LC thickness even though
alty is evident for TFCDs whose diameter exceeds S, while smaller sized TFCDs have the same multiple domains having equilibrium diam-

energy as on a flat substrate. Materials constants for calculation[®! include the splay elastic
constant K=15xX 107" N, the defect core size £ =3 x 107 m, and the energy per unit area for
molecules oriented normal to the LC/air interface gfi’ = 20 x1073 Nm~'. The energy per
unit area for molecules oriented parallel vs. normal to the LC/SU-8 interface is determined
Ao™™ =-1.1 x 107 Nm™'. This is found by requiring that the calculated TFCD energy

allow energetically stable TFCDs only for values of h > h. = 1.5 um.

between pillars (the small dimples indicated by blue arrows
in Figure 1f) and the flat-layer state, where no dimple forms
in the surface between pillars. This coexistence may be due to
kinetics preventing complete equilibration. The inconsistency
with which TFCDs form between pillars in Figure le,f is to be
contrasted with the nearly perfect square array of TFCDs that
form on top of the pillars in the same images. The TFCDs on
top of the pillars exhibit a larger dimple in the surface because
they are centered at a lesser depth below the surface. Indeed,
our calculations (Figure 3) of smectic bending and surface
energies predict that when the LC is confined within a space
smaller than a critical spacing, homeotropic alignment of mol-
ecules at the substrate surface becomes energetically preferable
to the formation of a TFCD between pillars. The predicted S.

eter roughly equivalent to h were expected for
sufficiently large S (=15 um) and low LC thick-
ness as, for instance, h = 2 um (Figure 2c).
Our experimental results suggest that the
topographical confinement effect of pillars
remains influential for LC alignment at this
length scale, although it is also possible that
the variation in both surface chemistry and curvature of each
pillar could lead to a varying anchoring strength of LC on the
substrate, which would result in larger domains.

Our results demonstrate three important features with regard
to epitaxial assembly of LC molecules confined and directed by
an SU-8 pillar array. First, it is possible to alter the naturally
occurring close-packed lattice of the TFCD arrays via anchoring.
To further confirm the control of TFCD arrangement by the
supporting pillars, we confined the LCs on a hexagonal pillar
array with D=1 um, S =1 um, and H = 2 um (Figure 4a). As
anticipated, the top surface of the underlying pillars served as
anchoring points of the TFCDs, resulting in a hexagonal array
of the defect domains with a domain diameter of =1 um, equal
to S (see Figure 4b,c).

Figure 4. Epitaxial assembly of TFCDs on SU-8 hexagonal pillar arrays. a) SEM images of the SU-8 hexagonal pillar array with diameter D =1 um,
diagonal separation S =1 pum, height H = 2 pm. b,c) The corresponding TFCDs on the hexagonal pillar array (a) at various LC thickness vs. pillar

height, h — H=0-8 um (b) and 8 um (c).

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Second, defect size and spacing can be controlled simply
by varying the dimensions of the directing pillars, which ena-
bles generation of TFCD arrays with defect size and spacing
smaller than previously observed in the same material at any
given LC thickness (=5 um on treated and untreated flat Si sur-
faces and =2.6 um in a 1D microchannel® for the smallest
tested h = 5 um). The possibility of down-scaling the spacing
between defects will be beneficial especially for LC-based device
fabrication.

The third and most important implication of pillar directed
epitaxial assembly of LCs is the conservation of the symmetry
and dimension of TFCD arrays at high LC thickness, experi-
mentally observed up to 40 um despite the fact that on a flat
non-patterned substrate the domain size scales as the film
thickness.?*2% This behavior is a direct result of LC confine-
ment and epitaxial growth of individual TFCDs in which the
geometry of the pillar sets the upper limit for the size of a
domain by imposing a sharp energy barrier to further domain
growth. Furthermore, the minimum allowable domain size is
also independent of LC thickness, as predicted by the energy
model: in Figure S7 (Supporting Information), we plot the
calculated energy of a TFCD relative to the flat-layer state as
a function of domain radius. The energy curve crosses zero
at approximately the same domain radius (0.5 um) at any h >
2 um, setting S, and D, independent of h. Our results are fur-
ther supported by the observation of smectic 8CBs assembled
on a circularly patterned flat substrate,?* where the diameter
of the TFCDs is determined solely by the diameter of the cir-
cular units regardless of the film thickness. As a result, the
simple proof-of-principle experiments presented here together
with modeling provide a viable technique to generate a uniform
array with arbitrary symmetry of equal-sized TFCDs that extend
into the bulk.

We have demonstrated epitaxial assembly of SmA LCs using
top-down fabricated polymer pillar arrays. The 3D nature of the
pillar array is crucial to confine and direct the formation of toric
focal conic domains on the top of each pillar as well as between
neighboring pillars. Independent of LC thickness (above a crit-
ical thickness h,), the pattern of SU-8 pillar arrays determined
the final crystal habit of the TFCD array: both highly ordered
square and hexagonal array TFCDs were obtained. The epitaxial
approach presented here offers an entirely new and promising
organizational principle for smectic LC systems using simple
topographic substrates. In turn, it may lead to the forma-
tion of more complex LC phases in 3D that are critical to the
advancement of LC-based electronic and optical devices,[?>%%
and perhaps generation of novel materials when incorporating
functional units such as nanoparticles, nanocrystals, and carbon
nanotubes into the LC layers.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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